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Abstract

Neanderthals have been shown to share more genetic variants with present-day non-Africans than Africans. Recent
admixture between Neanderthals and modern humans outside of Africa was proposed as the most parsimonious
explanation for this observation. However, the hypothesis of ancient population structure within Africa could not be ruled
out as an alternative explanation. We use simulations to test whether the site frequency spectrum, conditioned on
a derived Neanderthal and an ancestral Yoruba (African) nucleotide (the doubly conditioned site frequency spectrum
[dcfs]), can distinguish between models that assume recent admixture or ancient population structure. We compare the
simulations to the dcfs calculated from data taken from populations of European, Chinese, and Japanese descent in the
Complete Genomics Diversity Panel. Simulations under a variety of plausible demographic parameters were used to
examine the shape of the dcfs for both models. The observed shape of the dcfs cannot be explained by any set of
parameter values used in the simulations of the ancient structure model. The dcfs simulations for the recent admixture
model provide a good fit to the observed dcfs for non-Africans, thereby supporting the hypothesis that recent admixture

with Neanderthals accounts for the greater similarity of Neanderthals to non-Africans than Africans.
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Introduction

The interaction between Neanderthals and early modern
humans has been a long-standing question in human evo-
lutionary studies. Specimens with morphological traits typ-
ical of Neanderthals have been found across Eurasia, from
southwest Spain in Europe to southern Siberia in Asia. The
first appearance of these traits is as early as 400 thousand
years ago (kya), and they persist until about 30 kya (Krause
et al. 2007). Some paleoanthropologists have argued for
interbreeding between Neanderthals and early modern
humans, using finds such as the child found in Lagar Velho,
Portugal, that shows a mixture of Neanderthal and early
modern human skeletal characteristics (Duarte et al
1999). Critics, however, have been skeptical that these finds
really suggest potential admixture (Tattersall and Schwartz
1999). Genetic evidence using Neanderthal mitochondrial
DNA has consistently shown Neanderthals falling outside
the range of modern human variation (Krings et al. 1997;
Serre et al. 2004; Green et al. 2008). This result was taken by
many to mean no interbreeding occurred between Nean-
derthals and early modern humans, although Nordborg
(1998) showed that low levels of admixture could not
be excluded by the mitochondrial DNA data.

Green et al. (2010) sequenced the first draft of the Ne-
anderthal genome and presented evidence from genomic
data that present-day non-African human populations share
more genetic variants with Neanderthals than did modern
African human populations represented by Yorubans. Part

of their evidence was based on a four-taxon statistic, called
the D statistic (Green et al. 2010; Reich et al. 2010; Durand
et al. 2011). The D statistic quantifies the excess sharing of
derived sites between the Neanderthal and any two mod-
ern human populations. A nonzero value of D indicates
that one of the modern human populations is more similar
to the Neanderthal than is the other. Green et al. found
that D statistics indicated greater similarity between Nean-
derthals and non-African populations than between Nean-
derthals and African populations.

Green et al. (2010) proposed a model in which 1-4% of
non-African genomes result from admixture from Nean-
derthals into the ancestors of non-African populations af-
ter the separation of Africans from non-Africans. These
results imply that Neanderthals and early modern hu-
mans did interbreed. However, recent admixture is not
the only hypothesis consistent with the observations. Sub-
structure in early hominin populations in Africa could pro-
duce the same patterns (Slatkin and Pollack 2008; Durand
et al. 2011).

The ancient substructure in Africa model posits that
there were two or more subpopulations of hominins in
Africa with limited gene flow. Then, ancestors of Neander-
thals emigrated from the same subpopulation from which
the ancestors of present-day non-Africans later emigrated.
As a consequence, non-Africans would be slightly more
genetically similar to Neanderthals than would Africans
because of their more recent common ancestry. After
the ancestors of Neanderthals emigrated, the gene flow
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between the ancestors of present-day Africans and non-
Africans would be sufficiently high until the out-of-Africa
event, thus making the Africans and non-Africans more ge-
netically similar to one another than either is to Neander-
thals. In this model, no later interbreeding between
Neanderthals and early modern humans occurred. Du-
rand et al. (2011) showed that both models could account
for the greater similarity of non-Africans than Africans to
Neanderthals.

The model of ancient substructure is consistent with other
recent studies. Plagnol and Wall (2006), Barreiro et al. (2005),
and Hayakawa et al. (2006) have all suggested the possibility
of ancient structure in Africa. Plagnol and Wall (2006)
showed that non-Africans may have arisen from a Western
African subpopulation, whereas Barreiro et al. (2005) and
Hayakawa et al. (2006) observed deep lineages in some genes
that seem best explained by ancestral structure in Africa. It is
important to be able to distinguish whether the genetic sim-
ilarity observed by Green et al. (2010) is due to recent admix-
ture or ancient structure in Africa.

To distinguish between these two models, we develop
here a new approach that relies on the site frequency spec-
trum (sfs). Durand et al. (2011) suggested that the ancient
structure model results in more variation in gene tree
depth than the recent admixture model. Greater variance
in tree depth would alter the frequency spectrum but not
the D statistic. Here, we show that the sfs appropriately
conditioned can distinguish between recent admixture
and ancient structure because it is particularly sensitive
to episodes of recent admixture. We construct the sfs
for non-Africans, conditioning on sites that have the
derived allele in the Neanderthal draft genome and the an-
cestral allele in one randomly sampled African chromo-
some. This doubly conditioned frequency spectrum
(dcfs) is enriched for sites in non-African sequences that
are Neanderthal specific. Similarly to the D statistic, the
sites explored are shared derived sites between Neander-
thals and non-African humans and are likely to be
informative about a recent admixture event.

We derive the analytical expression of the dcfs in non-
Africans for a null model with no gene flow and compare
a series of simulated dcfs for demographic models of both
recent admixture and ancient structure. In the simulations,
we allow for a variety of demographic histories, including
bottlenecks in population size, ongoing gene flow between
present-day human populations, population growth in
early humans, varying admixture rates, and different rates
of ancient gene flow. The shape of the dcfs are observed
for each parameter set and compared with the observed
non-African dcfs.

The observed dcfs are computed using four modern hu-
man populations from the Complete Genomics Diversity
Panel (CGDP) and the draft sequence of the Neanderthal
genome (Green et al. 2010). Following Green et al. (2010),
we chose the Yoruba population (YRI), the Utah residents
with European ancestry (CEU), the Japanese (JPT), and
the Han Chinese (CHB) from the CGDP to represent the
African, the European, and the Asian populations. The
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Yoruba population is not representative of all the African
populations as current African populations are very diverse
(Campbell and Tishkoff 2008; Tishkoff et al. 2009). How-
ever, the CGDP has several individuals of Yoruba ancestry
and like most Africans, the Yoruba population probably
had no interactions with Neanderthals. Using these popu-
lations, we assess whether the dcfs better supports a demo-
graphic history of recent admixture or ancient structure.

Materials and Methods

CGDP and Data Processing

The CGDP data we used consists of 46 individuals from
nine populations whose genomes were sequenced to an
average 45-fold coverage (Drmanac et al. 2010). We used
five CEU, four CHB, four JPT, and seven YRI individuals
downloaded from the Complete Genomics, Inc, ftp site
(ftp://ftp2.completegenomics.com/) in May 2011. The indi-
viduals are listed in supplementary table S1 (Supplemen-
tary Material online). Each individual genome was
aligned with the reference human genome, hg18. We used
the release of the data set version 1.2 (Software version 1.10,
File Format version 1.5).

The Neanderthal sequence was obtained by pooling reads
from the three Vindija bones (SLVi33.16, SLVi33.25, and
SLVi33.26) that were aligned to hg18 (Green et al. 2010).
The Neanderthal data were downloaded from the UCSC
genome browser (http://genome.ucsc.edu/Neandertal/)
in May 2011. Following Green et al. (2010), we used only
sites with a mapping quality score of at least 90, a sequence
quality higher than 40, and a coverage of at most two since
the average coverage of the draft genome was 1.3.

We assumed that the ancestral state at each of the sites
is the reconstructed common ancestor as given in the 1,000
Genomes project. This reconstruction is based on an align-
ment of four species: Homo sapiens (human), Pan troglodytes
(chimp), Pongo pygmaeus (orangutan), and Macaca mulat-
ta (rhesus macaque). The reconstructed common ancestor
was downloaded from the 1,000 Genomes ftp site (ftp://
ftp-trace.ncbi.nih.gov/1000genomes) in May 2011. Only
sites where the human-chimp ancestral sequence, the
chimp sequence, and the human-chimp-orangutan an-
cestral sequence agree were kept. From the merged set
of data, we filtered out transition substitutions to reduce
the number of sites that are the result of ancient DNA dam-
age (Briggs et al. 2007) and removed all sites that had three
or more alleles.

Recent Admixture Model

In this model, we assume that there was a single episode of
admixture at time tgg in the past (t = 0 being the present)
from Neanderthals to non-Africans after the migration of
humans out of Africa (fig. 1a). With probability f, a non-
African lineage was derived from a Neanderthal lineage.
The parameter f represents the fraction of the non-African
genomes of Neanderthal origin. We define the divergence
time of non-African and African populations as t;; > tcr
We denote by ty >ty the divergence time of Neanderthals
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Fic. 1. Demographic models relating Neanderthals and modern humans. At time t,; in the past (t = 0 being the present), non-African humans
(Non-Afr) split from African humans (Afr). After they split, Non-Afr and Afr may exchange migrants at rate m,. At time ty, Neanderthals
(Neand) split from the ancestors of modern humans. (a) Recent admixture model. At time tge < ty, Neand admixed with non-Afr at rate f. The
variables used in the derivation of the dcfs are shown in parantheses. (b) Ancient structure model. The ancestral population of modern humans
is structured in two subpopulations exchanging migrants at rate m. The substructure continues in the ancestral population of Neanderthals

and modern humans.

and the population ancestral to modern humans. All the
populations are assumed to be panmictic. Green et al
(2010) proposed this model as the most parsimonious ex-
planation for why Neanderthals share more genetic var-
iants with non-Africans than with Africans.

Ancient Structure Model

We assume in this model that the population ancestral to
modern humans and Neanderthals was divided into two
randomly mating subpopulations (fig. 1b). We assume that
subpopulations exchanged migrants symmetrically at rate
m per generation. At time T in the past, subpopulations
merged into one panmictic population. A similar model
was proposed in Slatkin and Pollack (2008). Green et al.
(2010) noted that this model could explain the extra sim-
ilarity of Neanderthals with non-Africans, and Durand et al.
(2011) showed that D statistics could not distinguish be-
tween ancient structure and recent admixture for plausible
demographic parameter ranges.

Analytical Expression for the dcfs

We detail the coalescent derivation of the dcfs under
a three-population tree model with no gene flow. We de-
note P;, P,, and P5, three closely related populations, which
correspond to Neanderthals, non-Africans, and Africans, re-
spectively (fig. 1a). Going backward in time, populations P,
and P split at time t, from ancestral population P,5. Pop-
ulation P, splits from population P,; at time t,. We denote
P,,3 the population ancestral to P, and P,3. Using an infinite

sites model, we assume we have sampled one chromosome
from P, and P; and n chromosomes from P,. Using diffusion
theory, Chen et al. (2007) showed that the frequency spec-
trum in P, conditioned on a chromosome from P, carrying
the derived allele was uniform. For completeness, we re-
derive this result using coalescent theory (Appendix A).

We generalize the method described in Appendix A to
derive the frequency spectrum in P, given that a chromo-
some in P, carries the derived allele and a chromosome in
P; carries the ancestral allele. This is the doubly conditioned
frequency spectrum (dcfs).

Assume we have sampled n chromosomes in P,, one in
P;,and onein P3, P, and P; split at time t, and P, splits from
P, at time t;. At time t,, there are k lineages from P, and
one from P5. As shown in Appendix A, the probability that
m of these k + 1 lineages and the lineage in P, carry the
derived allele is uniform on m:

Prob(m,P; — derlk) =0,

where 0’ is a constant that depends on t;, t,, n, and the ef-
fective ancestral population sizes. The probability that j = m
derived lineages are among the k lineages from P, and that the
lineage from P5 has the ancestral state is

m
Prob(j,P; — der,P; — KN=0(1—-——|.
rob(j, P er,P; — anclk) ( k+1)

Then, the probability that i chromosomes in P, and the
chromosome in P; carry the derived allele and the
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chromosome in P5 carries the ancestral allele is

. . i\ k-1
Prob(i, P, — der, P; — anclj,k,n) =0'(1 — L
rob(i, Py — der, P; — ancl|j, k, n) ( k—|—1>n—1

Hn — 2,i — 1,k — 2)(j — 1),

where H (n, i, k) is the hypergeometric distribution with
parameters (n, i, k). Summing over j, we obtain

k —1
n—1

. n—k _e,(k—1)(/<—2)i
(k + 1)(n — 2) (k +1)(n —2)"

The exact dcfs is obtained by averaging over k. It can be
written as

dcfs(i) = Prob(i,P; — der,P; — anc|n) =o' — B'i, (1)

Prob(i,Py — der,P; — anclk,n) =0’

where o’ and B’ are positive constants that depend on t;, t,,
n, and effective population sizes in P,3 and P;,3.

Another dcfs of interest is the one obtained when con-
ditioning on a chromosome from P, carrying the ancestral
allele and a chromosome from P; carrying the derived al-
lele, therefore changing the order of conditioning in the
previous derivation. At time t, the probability that m
out of k lineages carry the derived allele and that one
chromosome from P, carries the ancestral allele is

§
Prob(m,P; — anclk) = o 0.

Thus, the probability that j = m - 1 lineages from P, and
the lineage from P5 carry the derived allele and the lineage
from P, carries the ancestral allele is

. 0 N\j+1
PrOb(],P1 — ang, P3 — der|k) = <]—|—’| — 9) j(?

Using the same derivation as before, we find again that
dcfs(i) = Prob(i, P "i, (2)

where o” and B” are positive constants that depend on t;, t,,
n, and effective population sizes in P53 and P;,5. It is important
to note that equations (1) and (2) are valid regardless of the
population size histories (bottlenecks, growth, etc.) of Py, P,,
P3, Py3, and Pqys.

We assume we have a sample of n chromosomes from
a non-African population and one chromosome each from
a Neanderthal and an African population. Assuming the
chimp has the ancestral allele, we are concerned with
the frequency of the derived allele in non-Africans. In par-
ticular, we denote dcfs(x) the expected frequency the de-
rived allele appears x number of times in the non-African
population, conditioned on the Neanderthal chromosome
carrying the derived allele and the African chromosome
carrying the ancestral allele. We showed in equation (1)
that under a model with no recent admixture or ancient

— anc,P; — der|n) =a” —
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structure, the dcfs(x) is given by
defs(x) = o — Px, (3)

where o and 3 are positive constants that depend on the ef-
fective population sizes and population divergence times. This
result is also valid for the ancient structure model with no
ancestral gene flow (m = 0). Such a model is equivalent to
a model with no gene flow but in which the African popula-
tion is the outgroup to Neanderthals and non-Africans. Equa-
tion (3) is also valid for the ancient structure model with large
m because such a model is equivalent to the null model of no
gene flow between Neanderthals and modern humans.

Calculating the dcfs from the CGDP Data

In order to build the dcfs, at each site, we sampled one read
at random for the Neanderthal and called it ancestral if it
matched the reconstructed ancestor or derived if it did not.
Similarly for the Yoruba, at each position, we sampled one
chromosome at random and compared it to the recon-
structed ancestor. We then counted the number of derived
alleles in the ten CEU chromosomes, the eight CHB chro-
mosomes, and the eight JPT chromosomes for sites at
which the Neanderthal draft genome carried the derived
allele and the Yoruba chromosome carried the ancestral
allele.

Simulations

To simulate models of recent admixture and ancient struc-
ture (fig. 1), samples were generated in the coalescent sim-
ulator ms (Hudson 2002). Unless otherwise specified, we
assumed an effective population size of N = 10,000 for
all populations and a generation time of 25 years per gen-
eration. In each replicate of both models, the simulated
sample consisted of one Neanderthal chromosome, one
YRI chromosome, and either eight (CHB or JPT), or ten
(CEU) chromosomes of non-African origin.

In the recent admixture model, t;; was set to 4,500 gen-
erations ago (112.5 kya, Li and Durbin 2011), and ty was set
to 12,000 generations ago (300 kya, Green et al. 2010). The
tcr parameter was set to 2,000 generations (50 kya), and
f was chosen to be 0.05.

In the ancient structure model, T was varied between
12,000 and 32,000 generations ago, in steps of 2,000 gen-
erations. The intensity of ancient migration m was set
to 4Nm = {0, 1, .. ., 10}. The non-African and Neanderthal
populations split 12,000 generations ago (ty), and ty, the
population split time between YRI and the non-African
populations, was 4,500 generations ago. The parameter val-
ues for the ancient structure model were chosen so that the
D statistic did not differ significantly from the observed D
statistics (Durand et al. 2011).

For each model, a bottleneck reducing the effective size
of the non-African populations by a factor of 100 (b) for
100 generations was set to (t,) 1,200 generations (30
kya) and 4,000 generations ago (100 kya). The two times
of the bottleneck allowed it to be either before or after
the time of admixture. We also considered ongoing symmet-
ric gene flow between YRI and the non-African populations
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Table 1. Parameters Used in ms (Hudson 2002) for the Recent Admixture and Ancient Structure Models.

Parameter Recent Admixture Ancient Structure
0 (4Np) 20 20
Admixture rate (f) {0.02, 0.03, 0.05, 0.1} NA
Admixture time (tgg) 0.05 NA
African/Non-African coalescence time (ty) 0.1125 0.1125
Neanderthal/human coalescence time (ty) 0.3 0.3
Ancient migration time (T) NA {03,035, ..., 0.8}
Ancient migration rate (4Nm) NA {o,1, ... ,10}
Bottleneck time (t,) {0.03, 0.1} {0.03, 0.1}
Bottleneck effect (b) 0.01 0.01
Ongoing gene flow (4Nm,) {0, 1, 5} {0, 1, 5}
Time of population growth (t;) 0.1150 0.1150
Amount of population growth (g) 100 100

Note.—"n” refers to the neutral mutation rate for the entire locus.

with rates 4Nm;, = 1 and 4Nm, = 5. We simulated pop-
ulation growth in humans 100 generations before the
YRI and non-African split, increasing the population size
100-fold in humans. We simulated the dcfs for other admix-
ture rates of 2%, 3%, and 10% admixture with no bottleneck
and a bottleneck younger or older than the time of admix-
ture. The parameter values for ms are shown in table 1. The
ms commands used to generate the simulated sequences
can be found in Appendix B.

For each set of parameters, 1 million replicates were run
and the non-African dcfs were estimated averaging over all
the replicates. To allow comparison between different sets
of parameters, the dcfs were normalized by the number of
segregating sites in each simulation. Finally, the shapes
of the dcfs were characterized for each model for each
set of parameters.

To test the effect of misassignment of the ancestral allele
on the dcfs, we simulated a model with no bottleneck, pop-
ulation growth, or present-day gene flow and incorrectly
assigned the ancestral allele for 0.5%, 1%, 5%, and 25%
of the analyzed sites.

Results

Distinguishing Recent Admixture and Ancient
Structure

To be consistent with observed D statistics, we chose
our parameters so that our simulations yield D statistics
between 1% and 10% (table 2). Three main shapes charac-

terized the dcfs for the simulated data: linear (eq. 2), L-
shaped (an excess of singletons compared with the null hy-
pothesis of no gene flow), or U shaped (excess of both rare
and common alleles). The exact forms depended on the
parameter values.

In the simplest case of no bottleneck or ongoing gene
flow between modern humans, the dcfs had an L-shape
for the recent admixture model simulations with f =
0.05 (fig. 2a and supplementary figs. S1a and S2a, Supple-
mentary Material online). The dcfs for the ancient structure
model decreased linearly, regardless of the values of m and
T (fig. 2b and supplementary fig. S3b, Supplementary
Material online). Adding a bottleneck in the ancient struc-
ture model reduced the slope of the line, but the dcfs was
still linear (fig. 2b and supplementary fig. S3b, Supplemen-
tary Material online). Note that this result is the theoretical
result for the ancient structure model with very low or very
high values of m, and this results holds independently of
population size fluctuations (eq. 2). For the recent admix-
ture model, the placement of the bottleneck before or after
the admixture event had an effect. When t,, > t;, the dcfs
was still L-shaped, whereas when t, < tg, the shape was
linear for the dcfs (fig. 2a).

Including ongoing gene flow between the non-African
populations and the YRI population without a bottleneck
resulted in a steeper linear dcfs for the model of ancient
structure and a slightly more pronounced L-shape for
a model of recent admixture, with little difference from
a model containing no ongoing gene flow (fig. 2c—f and

Table 2. The Average D Statistic for Each Simulated Demographic History in Figure 2.

D Statistic

Recent Ancient Structure,

Changing Demographic Parameters Admixture, f = 0.05 4Nm = 4, T = 0.6
No ongoing gene flow No bottleneck 0.0531 0.0489
Bottleneck later than admixture, tgc = 0.03 0.0533 0.0496
Bottleneck earlier than admixture, tge = 0.1 0.0521 0.0500
Ongoing gene flow, 4Nm = 1 No bottleneck 0.0528 0.0375
Bottleneck later than admixture, tgc = 0.03 0.0463 0.0401
Bottleneck earlier than admixture, tge = 0.1 0.0487 0.0413
Ongoing gene flow, 4Nm = 5 No bottleneck 0.0318 0.0185
Bottleneck later than admixture, tge = 0.03 0.0365 0.0172
Bottleneck earlier than admixture, tge = 0.1 0.0342 0.0224
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(a, b), ongoing gene flow of 4Nm, = 1 (c, d), and ongoing gene flow of 4Nm; = 5 (e, f). The time of admixture in the recent admixture model

was 4Ntge = 0.05. The admixture rate simulated was 0.05.

supplementary figs. S1b and S2b, Supplementary Material
online). Including a bottleneck before or after admixture
and ongoing gene flow of 4Nm, = 1 gave a U-shaped dcfs
in both models, though when t, > tq;, there was a slightly
greater excess of rare alleles (fig. 2c and d). Increasing the
level of ongoing gene flow to 4Nm, = 5 makes each ob-
served shape steeper, but in both models, when 4Nt, =
0.1, the U-shape was lost (fig. 2e and f and supplementary
figs. S1b and S2b, Supplementary Material online). The in-
clusion of population growth in humans still retained the L-
shape in the recent admixture model and the linear shape
in the ancient structure model. Population growth made
little difference in the shape of the curve for the different
bottleneck times without increasing the severity of the
bottleneck (supplementary figs. S4 and S5, Supplementary
Material online).

Misassignment of the ancestral allele did not change the
shape of the dcfs for the ancient structure model. As the
error rate increased from 0.5% to 25%, the slope was
steeper but the ancient structure dcfs remained linear
(supplementary fig. S6, Supplementary Material online).

The observed dcfs for the 10 CEU haplotypes from the
CGDP had an L-shape (fig. 2, gray curve), showing an excess
of rare alleles but not higher frequency of sites carrying
nearly fixed derived alleles. The shape did not fit any of
the simulations for the ancient structure model (fig. 2b,
d, andf) for all m and T (supplementary fig. S3, Supplemen-
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tary Material online). The dcfs for the eight Han Chinese
and eight Japanese chromosomes from the CGDP were also
L-shaped and thus were also a better fit for the recent ad-
mixture model than the ancient structure model (supple-
mentary figs. S1 and S2, Supplementary Material online).

Using an admixture rate of about 5% provided a much
better fit to the observed data when combined with an
older bottleneck (supplementary fig. S7, Supplementary
Material online) than any model containing ancient struc-
ture only. Because many parameters can affect the fit of the
simulated results to the observed data, this does not imply
that the true admixture rate is 5%. Rather, the results sug-
gest that scenarios with recent admixture are plausible.
Various versions of the recent admixture model gave very
good fits to the observed data, which was not the case for
the ancient structure model for any set of parameter values
we used.

Discussion and Conclusion

Support for the Recent Admixture Hypothesis

The sfs for the derived European (CEU), Chinese (CHB), and
Japanese (JPT) alleles, conditioned on the ancestral YRI al-
lele and the derived Neanderthal allele (dcfs), did not have
the shape predicted by the ancient structure model for any
set of parameters explored. The actual dcfs showed a notice-
able excess of rare alleles that was not observed in any of
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the simulations for ancient structure but was observed in
most of the simulations for recent admixture. An excess of
rare alleles has been a characteristic feature that many past
studies have described. The excess of rare alleles in the dcfs
is unlikely to be due to errors in sequencing (Johnson and
Slatkin 2008). Singletons are not biased toward any partic-
ular individual, chromosome, or region of a chromosome
(supplementary material S1, Supplementary Material on-
line). Misassignment of the ancestral allele under a model
of ancient structure was simulated and does not alter our
conclusions. The high coverage of the genomic data from
the CGDP makes it highly unlikely that sequencing error in
those genomes is large enough to affect our conclusions.

In the unconditional sfs, an excess of rare alleles can also
be due to recurrent selective sweeps (Kim 2006) and logis-
tic population growth (Fu 1997). However, these explana-
tions for an excess of rare alleles is observed when no
conditioning is used and do not account for an excess
of rare alleles specifically at sites derived in the Neanderthal
draft genome and ancestral in the YRI chromosomes. We
have shown that population size fluctuations do not affect
linearity in the dcfs in the absence of gene flow. Thus, the
excess of rare alleles in the actual dcfs is due to recent ad-
mixture and not ancient structure, recent population
growth, or recurrent sweeps.

To further understand the recent admixture model, we
compared the effect of a bottleneck in non-Africans before
or after the admixture occurred. We found that a bottle-
neck before admixture provides a better fit than a bottle-
neck after admixture. Although we did not attempt to
estimate parameters, we found that in all simulations,
the shape of dcfs when the bottleneck was before admix-
ture was more similar to the dcfs calculated from the data
than the shape of the dcfs for a younger bottleneck. For the
parameters we kept constant, an admixture rate of about
5% provided a good fit, but this is unlikely to be true for
other plausible demographic parameters. For instance,
population growth before the divergence between the Yor-
uba and the non-African populations may make it difficult
to distinguish between younger and older bottlenecks.
However, we can be confident that the shape of the dcfs
is unlikely to change dramatically if parameters remain
within a plausible range. The lack of an excess of common
alleles in the actual dcfs seem to suggest little, if any, on-
going gene flow between the Yoruba and non-African pop-
ulations, but this effect may be more difficult to observe, as
the excess seen in the simulation is small and is lost with
higher rates of ongoing gene flow.

The simulations showed clear trends in the dcfs indicat-
ing that although the D statistic cannot distinguish be-
tween different demographic models, the dcfs can. The
differences in the dcfs show that the greater variation in
gene tree depth in the ancient structure model compared
with the recent admixture model can be used to distin-
guish between these two models. The data from the Ne-
anderthal genome and the CGDP showed a markedly
different dcfs compared with any of the dcfs simulated
for the ancient structure model, suggesting that the model

of ancient structure does not accurately approximate the
history of humans and Neanderthals. The results, however,
do support the hypothesis of recent admixture. Interbreed-
ing between Neanderthals and early modern humans is
currently the most parsimonious and plausible explanation
for the observed excess of genetic similarity between
Neanderthals and non-Africans.

Supplementary Material

Supplementary table 1, figures S1-S7, and supplementary
material S1 are available at Molecular Biology and Evolution
online (http://www.mbe.oxfordjournals.org/).
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Appendix A

The conditional derived sfs in two closely related popula-
tions was derived by Chen et al. (2007) and shown to be
uniform using diffusion theory. Below, we derive this result
again using coalescent theory.

Joint Site Frequency Spectrum in Two Closely
Related Populations

Assume we have sampled n chromosomes from P, and
one from P,. Here we derive the conditional derived sfs
in P,, which is the sfs in P, given that the chromosome
in P, carries the derived allele (Chen et al. 2007). The
two populations are assumed to split at time t;, and there
is no gene flow between them after they split. At time t;,
there are k lineages from P, and one from P;. The proba-
bility distribution of k is given by Tavaré (1984):

prob(kln, tr)= 3" ' e<12>tH }C;),
o= AR

We further assume that the ancestral population of P
and P, was at mutation-drift equilibrium. Let m denote the
number of ancestral lineages that carry the derived allele.
We have

0
Prob(m) = —
rob(m) = -,
the equilibrium neutral spectrum. Thus, the joint probability
that j = m - 1 lineages from P, and the lineage from P, carry
the derived allele is
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Prob(j,P; — der) = — x =—.

9
m k41 k+1

We denote H the hypergeometric distribution. H(N, M,
T)(K) is the probability to obtain K white balls when draw-
ing T balls from an urn containing N balls, M of them being
white. The probability that i lineages in P, today carry the
derived allele, given j, k, and n is given by
K1 % H(n —2,i— 1,k —2) (j — 1) (Slatkin 1996). There-
fore, the joint probability that i lineages in P, and one lin-
eage in P, carry the derived allele today is

n—i—1\[(i—-1
0 \k—j—1)\j—-1
k+1 n—1 '
k —1

Averaging over j, we obtain

Prob(i,P; — derlj,k,n) =

0 k-1

Prob(i,P; — derlk,n) = P

Therefore, the conditional derived spectrum is uniform
on i. The exact density is obtained by averaging over the
distribution of k.

Appendix B

The two main demographic models considered are
a model of recent admixture and a model of ancient struc-
ture. The ms command for a model of recent admixture is
of the form:

ms 12 1000000 —t® —131110-n2g-n3g—m 32
4Nm —m 2 3 4Nm —ester 3 1—f —ejter 41 —en'ty, 3 bg
—en t,+0.0253 g —€jty;32 -ent, 2 1 —ejty 2 1 (bot-
tleneck older than time of admixture)

ms 12 1000000 —t 0 —131110-n2g-n3g—m32
4Nm —m 2 3 4Nm —en t,, 3 bg —en t,+0.025 3 g —es tgr 3
1—f —ejtgr41 —ejty32-ent, 21 —ejty2 1 (bottleneck
younger than time of admixture)
For example, ms 12 1000000 —t 20 —1 311 10 -n 2 100
-n3100—m325—m235—es0.0530.9 —€j0.0541—en
0.131 —en 0.10253 100 —ej 0.112532 -en 0.11502 1 —¢j
0.3 2 1 means three populations were sampled, with recent
symmetric gene flow of 4Nm = 5 between populations 2
and 3. Populations 2 and 3 are 100 times the effective pop-
ulation size. A 10% admixture event occurred at time 0.05
from population 1 to population 3. A bottleneck older than
the time of admixture occurred at time 0.1, reducing the
population 100-fold. Populations 3 and 2 coalesce at
time 0.1125, and a sudden expansion in the ancestral
population occurred at time 0.1150 from the original ef-
fective population size. They and population 1 coalesce
at time 0.3.

The ms command for a model of ancient structure is of
the form: ms 12 1000000 —t 0 —131110-n2g-n3g—m
324Nm —m 23 4Nm —ent, 3 bg —en t,40.0253 g —em ty,
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324Nm,; —em t;;234Nm, —ent; 2 1 —ent; 3 1 —gj ty
13 —ejt, 32

For example, ms 12 1000000 —t 20 —1 31110 -n 2 1
-n31T-m320-m230 —en 0.03 3001 —en
0.03253 1 —em 0.1125 3 2 6 —em 0.1125 2 3 6 —en
0.11502 1 -en 0.1150 3 1 —ej 0.3 1 3 —ej 0.8 3 2 means
three populations were sampled, with no recent gene
flow and a population bottleneck occurring at time
0.03 reducing the population 100-fold. Ancient symmet-
ric migration between Africans and Europeans occurred
in the past starting at 0.1125, with a high gene flow of
4Nm, = 6, and Europeans and Neanderthals coalesce
at time 0.3. Ancient gene flow ends at time 0.8. No pop-
ulation growth occurred.

For no admixture, f = 0. For no gene flow, 4Nm = 0, and
for no bottleneck, b = 1. For no population growth, g = 1.
The full range of parameters explored for each model can
be found in table 1.
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